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EVALUATION OF PROPELLANT DEFECTS USING
TRANSPARENT ROCKET MOTORS
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p ABSTRACT. A transparent motor tube loaded with solid
propellant has proved useful as a tool for studying problems
of motor operation, Forty transparent motors were [ired
in a test program for the purpose of evaluating improper
case bonding, cracked grains, and igniter operation, Con-
ditions under which side burning occurs in improperly
case-bonded motors were determined, and the rate of side
1 burning in 2- and 5-inch motors was calculated. The igni-
tion process and the performance of an igniter were ob-
served, using a transparent half-motor. High-speed film
records of side burning and cracked-grain burning were
obtained, and 100-pps binary-coded timing (BCT) was
used to obtain accurate correlation of pressure, thrust,
i and film records
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FOREWORD

This report presents the results of a study, conducted
at the U. S. Naval Ordnance Test Station during 1959-1960
as part of an applied-research program, to determine the
effect of grain defects on the internal ballistics of small
solid-propellant rockets as observed using transparent
motors made of Lucite.
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INTRODUCTION

The physical integrity or sounduess of a solid-propellant grain is a
major factor affecting the performance of a rocket motor. Imperfections
such as cracks in the propellant or the existence of extra uninhibited
propellant surface usually causes changes in the desired internal ballis-
tics, which may result in catastrophic failure of the rocket motor. The
lack of an effective tool to correlate accurately motor performance
with motor defects has hamoered serious study of the problem. The
work described here was undertaken to evaluate systematically the
performance of several static-test motors that contained propellant
and case-bonding imperfections, Data obtained from these firings were
then compared with data obtained from firings of motors containing
normal grains, The performance of each motor was evaluated from
pressure and thrust data and by high-speed motion pictures. Lucite
tubes were used as motor chambers in the fabrication of all motors.
This allowed the direct observation of such phenomena as sidc burning,
hot-spot formation, and the burning pattern of cracked propellant grains,
The qualitative data were correlated with pressure and thrust data by
using 100-pps binary-coded timing (BCT). In this manner, the various
causes for abnormal motor behavio: were isolated and analyzed,

A transparent motor containing a grain half of which was inert
(called a half-motor) made it possible to observe the propellant surface
during the ignition, In this manner, the performances of bag and hot-
wire igniters were studied and compared under conditions of pressure
and internal grain geometry that one usually finds in a practical rocket
motor.

The analysis did not include the possible effects of erosive burning
and combustion instability caused by high-frequency pressure oscilla-
tions within the propellant cavity during motor operation. Because of
the low length-to-diameter ratio, the gas velocity gradient along the
length of the motor should be small, and erosive burning effects can be
ignored. Also, investigations showed that aluminized propellants such
as the one used in this program do not exhibit instability occasioned by
oscillatory combustion.! It was therefore assumed that the over-all
behavior of all the test motors of this program was attributable to the
presence or absence of defects in the propellant grains.

1U. S. Naval Ordnance Test Station. Combustion Instability (U), by
E. W. Price. China Lake, Calif., NOTS, February 1960. 24 pp. (Tech-
nical Article 3, NOTS TP 2400), CONFIDENTIAL.
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The primary objectives of the program were

1. To study the effect of liner~propellant separation
on the performance of 2- and 5-inch test motors

2, To study the effect of propellant cracks on the
ballistic performance of 2- and 5-inch motors

3. To test the feasibility of using a transparent
half-motor to study ignitzr performance and
ignition problems

TEST PROGRAM

FABRICATION OF TRANSPARENT TEST MOTORS

The 40 test motors used in this program were fabricated using
motor chambers made of Lucite. Lucite was selected because of its
good optical properties and high strength. The reported tensile strength
for this matcrial is 7,000 psi at 75°F, and this was the value used in
designing the motor tube. All .ubes were designed to contain a maxi-
mum internal pressure of 4,000 psi. Tubes for the 2-inch motors were
10 3/4 inches long, with inside and ontside diamecters of 1 13/16 and 4
inches, respectively., The corresponding dimensions of the 5-inch motors
were 10 3/4, 5, and 10 inches. As a first step in motor fabrication, all
tubes were lined with a polyurethane rubber approxiriately0.065 inch thick.
This was done by pouring uncured liner material in the tube and spin-
ning the latter on a lathe until the material had cured. The curing time
was 6 hours at a room temperature of approximately 80°F. It was
found early in the program that the liner provided adequate protection
for the walls of the tubes. After a given firing, the liner was removed
from the tubes, which were relined later and used again. The [ollowing
materials were used for liner compositions:

wtob 04'0

Castor oil (DB grade) . . . .. .. 76.8

2,4 Tolylene diisocyanate . . . .. 23.0

Ferric acetyl acetonate (FEAA) . , 0.2

Total . .. ... e e e e 100.0

The physical properties, at 77°F, comprised the following:

Ultimate tensile strength, psi . . . 234
Ultimate elongation, % . . . . . . . 62
Hardness {(Shore A) . . . . . . .. 43

Elastic modulus, psi . . . . . . .. 439

Control motors containing no propellant defects were cast with a
slurry of high-energy Nitrasol propellant around a mandrel that had
been previously positioned in a lined motor tube. After the propellant
was cured by oven heating, the mandrel was removed leaving a grain
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with the desired internal configuration. An eight-point-star design was
used for the 2-inch motors, and a six-square-point design was used for
the 5-inch motors. The selection of these two internal grain configura-
tions was purely arbitrary.

A disassembled 2-inch motor is showr in Fig. 1. The steel plate
on the right side of the picture holds the graphite nozzle insert; the
steel plate on the left side holds the pressure tap., The assembly is held
together by four l-inch bolts shown in the background.

FIG. 1. Parts for Transparent, 2-Inch,
Solid-Propellant Static-Test Motor.

All motors were fired using a bag igniter that contained a mixture
of aluminum pellets and finely divided magnesium Teflon actuated by a
high-res.stance (hot) wire. The 8-gram igriter weight was kept con-
stant throughout the program except for those igniters used in ignition
studies. This was done to minimize the variation in ignition energy
supplied to each motor. It was assumed, therefore, that any variation
in response during ignition between motors was due to the presence of
defects. Physical properties, at 77"F, comprised the following:

Ultimate tensile strength, psi . . . 200
Elongation at rupture,% . . . . . . 100
Hardness (Shore A) . . . .. ... 80
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The ballistic properties were as follows:

Burning rate

Coated oxidizer, infsec. . . . . . 0.34
Uncoated oxidizer, infsec . . .. 0,50
Pressureexponent . . . . . .. ... 0,60
Temperature coefficient, %/°F. . . . 0.35

Certain defects were built into some motors by a modification of
the fabrication method described above. Liner-propcllant separation
was achieved by placing a brass shim in contact with the liner surface
before casting the propellant. The shims were coated with silicone
rubber RTV 60 to promote easy removal from the motor. Shim thick-
nesses were varied according to the design of the experiment. After
the propellant was cast and cured, the shim was removed leaving a
portion of the propellant surface adjacent te the liner uninhibited and
separated. V-shaped slots machined in some of the motors were posi-
tioned so that the uninhibited or separated arca was connected by a
channel, which permitted possible gas flow to this arca from the main
internal cavity of the motor. This configuration and its modifications
are shown in Fig. 2 and are identified as Cases [, II, and IIL

The sccond motor defect fabricated (Fig. 3) was a simulated crack
in the propellant grain., This was achieved by placing a silicone-coated
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FIG. 2. "Configuration of Motor Defects.
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FIG. 3. Configuration of Cracked Grain,

metal shim parallel with the mandrel so that it extended from the tip
of a star point perpendicularly to the surface of the liner. This strip
of metal was removed after curing of the propellant. The position of
the crack was chosen to conform to the point of maximum stress in a
normal grain under internal pressure. The grain would most probably
crack at this position because of thermal stresses during severe tems-
perature cycling. The shim thickness used was 0.010 inch, and the
actual measured crack sizes varied between 0.010 and 0.014 inch,

A third type of grain used in this program (Fig. 4) permits ob-
servation during ignition of the propellant. The grain was made by
casting half of the motor with the mandrel in position, with polyurcthane
resin R-1, After the inert material cured, the remaining volume of the
motor was filled with propellant.

INSTRUMENTATION

The output from pressure and thrust gages connected to the motors
was recorded on a galvanometer oscillograph operating at 36 in/sec.
In addition, qualitative data on motor performance were recorded by
high-speed cameras., Fastax and Photo-sonic cameras photographed
the test runs simultaneously at 7,000, 4,000, and 2,000 frames per second.

Accurate correlation or matching of qualitative .data with pressure
and thrust data was achieved by using 100-pps BCT. Coded timing
eliminates the requirement that cameras run at constant speed and that
a fixed zero time be established before the start of an event. Timing

U
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IGNITER LEAD WIRE

NOZZLE END LIVE-PROPELLANT

HALF OF GRAIN

vt A IS ?
HALF OF QRAIN——" |

(k y _~—~~BAG-TYPE IGNITER

s i 3 SRR i R

S:/ |
HEAD END . ,

FIG. 4. Half-Motor Grain Design for Ignition Study.

CONTROL,

MOTOR

HIGH-SPEED
CAMERA
PRESSURE I00PPS BINARY-CODED :
TRANSOUCER TIMING GENERATOR )
THRUST *
TRANSOUCER AV A Vv
D DATA TRANSMISSION !

STARTING SIGNAL
H
HIGH-SPEED OSCILLOGRAPH X

FIG. 5. Instrumentation Arrangement for Tests of
Transparent Motors.
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FIG. 6. Transparent 2-Inch Motor on Test Stand.

signals from the timing generator were sent to the recording oscillo-

graph and to neon lamps mounted inside the cameras. By comparing )
timing lines that appeared both on the oscillograph and on the motion

picture record, film frames could be matched with a point on the pres-

surc and thrust records. Observed phenomena associated with motor :
opcration were thereby correlated with motor pressure and thrust. The :
100-pps BCT unit developed at NOTS? provided a binary display at
elasped time every 0.1 second for 51.1 secoads. To ensurec accurate
counting between intervals of the coded signals, pulses of 1 kc were
injected into the coded signals. A block diagram of the instrumentation
arrangement is shown in Fig. 5, and the actual motor in the test stand

is shown in Fig. 6.

e KL Aot SR 3 g

A%

¢ U. S. Naval Ordnance Test Station. Instructions for 100-PPS
Binary-Coded Timing {BCT) Equipment, by C. A Mauss. China Lake,
Calif., NOTS, June I§)5:. 39 pp. (NOTS 1457
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‘ LINER-PROPELLANT SEPARATION EXPERIMENT

; This experiment was conducted in an effort to study the behavior of

’ test motors containing known amounts of liner-propellant separation,
and to determine the conditions under which side burning would occur.

} The design and test data of this experiment are shown in Table 1. Each
of the 2-inch motors, with the exception of motor No. 4, contained a

‘ surface section of propellant that was separated from the liner. Three

| motors had the configuration shown in Case I, 3 had that shown in Case

i I1, and 3 had that shown in Case III (Fig. 2). All 10 were fired at ambient

\ temperatures (75 + 5°F).

TABLE 1. TLINER=PROPELLANT SEPARATION EXPERIMENT

Description Firing data
Shim Separation, in. Ignition Burning
Motor | thicke delay, tinie, Integead, | Impulse,
no. ness, , Head | Cune ns sec pissec hevec
in, | Norrle | g (=11.2) | (2=0.035)
t 0.020 | 0.033 0.037 i 190 0.860 690 220
2 005 008 L09 I 196 782 696 233
3 005 008 008 m 184 84T 688 221
R L TR S R 186 9i5 06 227
8 ot 020 Q10 I 193 855 646 214
6 005 008 005 It 175 875 688 226
K 010 010 015 m 198 876 692 224
fa 020 037 043 ] 188 872 702 240
9 010 O3 008 | 199 907 680 215
10 0.020 | 0.045 0.045 ] 218 0.899 638 213

8 (Control round.

The pressure~time curves are shown in Fig. 7 through 10. Figure
7 shows that the pressure-time history of the control motor is progres-
sive. The internal configuration of the grain causes the burning-surface
area to increase until web burnout. Test results are useful, however,
since the curves for the abnormal cases were compared with that for
the control round. Differences in total impulse of motors are caused by
differences in propellant weight.

Results show that abnormal curves were obtained only from motors
containing Case I defects, Motors No. 2, 8, and 9 show secondary pres-
sure peaks occurring during various stages of motor operation. The
peak for motor No. 2 occurred during the initial stages of burning, and
the peak for motor No. 9 occurred during the latter stages. Film records
were not obtained for motors 2 and 8 because of camera failures. The
film récord for motor 9, however, proved that the existence of the peak
shown on the pressure record was due to side burning at the liner-~
propellant interface. This phenomenon was observed directly through
the walls of the Lucite motor tube. Figure 11 is a picture sequence of

8
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FIG. 8. Pressure-Time Curves, 2-Inch Motors No. 1, 8, and 10,
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F1G. 9. Pressurc-Time Curves, 2-Inch Motors No. 2, 3, and 6.
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FIG. 10. Pressure~Time Curves, 2-Inch Motors No. 5, 7, and 9.
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motor 9 during operation, Each picture was matched to a point on the
pressure~time curve for this motor (Fig. 10). The numbers 1 to 10 on
the curve in Fig.10correspond to theviews 1 to 10 in Fig. 11. From
these data it was concluded that the peaks for motors 2 and 8 were also
caused by side burning,.

In relating these results with the configuration of the defect and the
separation distance, it may be concluded that side burning occurs only
when slots are provided on both ends of the grain. The slot on the head
end of the grain provides a gas flow channel through which the combus- :
, tion products flow and ignite the exposed propellant in the separation ;
' groove, The combustion products then flow across the fresh propellant
| surface and, by convective heat transfer, raise the temperature of the
propellant until ignition cccurs. The process repeats itself nntil the
cntire propellant surface in the separation groove is ignited. If a slot
is provided on the nozzle end of the grain, the combustion products ex-
haust through the nozzle. If the main gas stream is connected by a flow
channel with the propellant surface in the separation groove, side burn-
ing occurs, Side buvring will not occur in Case Il motors where only
one slot is provided at the nozzle end, nor in Case III motors where no
slots are provided.

From the film record of motor No. 9, a rate .f ignition in the sepa-
ration groove was calculated to be 20 in/sec. This valuc is 40 times
higher than the normal propellant burning rate. One observing the po-
sition of the secondary peaks in thie pressure-time curves for .notors
No. 2 and 8 shown in Fig. 9 and 10 might suspect that the ignition rates
are higher for these motors. An attempt was made to correlate the po-
sition of the secondary peaks with the separation distance for these
motors. Motor No. 8 had the largest separdtion distance, and, as ex-
pected, the peak occurred almost simultaneously with ignition. The
peaks for motors 9 and 2, however, occurred in reversc positions rela-
tive to separation distances in e2ach motor. This behavior could be
caused by inaccurate measurements or, more probably, by the nonunijorm
separation in all motors.

Because of the short burning time of the 2-inch motors, it was de-
cided to repeat part of this experiment using 5-inch motors. Three
5-inch motors (No. 1, 2, and 4) were fired in an effort to confirm the
results obtained with the 2-inch motors. One motor each of Cases I and
Il was fabricated, and one motor was used as a control. Measured
separation was approximately 0.065 inch in all three motors. The
pressure-~time traces for these firings are shown in Fig. 12, Motor :
No. 4, the control round, burned normally with a total burning time of :
. 2,483 seconds. Motor No. 1 (Case I) blew up after 0.032 second. ‘
The film record for this motor showed that side burning started at
, the head end of the motor 0.372 second after the igniter was encrgized,
and ignition of prepellant surface in the separation groove progressed
- at a rate of 795 in/sec. This abnormal result is consistent with the
behavior of the Case I 2-inch motors. The rate of propellant-ignitiem——

- - however, is much higher, confirming the theory that the rate of ignition
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FIG. 12, Pressure-Time Curves, 5-Inch Motors No. |, 2, and 4,

propagation depends on the width of the separation. The probability
that ignition will occur depends on the existence of gas flow channcls
in the ends of the propellant grain.

Five-inch motor No. 2 failed after 0.109 second of operation. This
result was inconsistent with the behavior of the Case II 2-inch motors.
The film record, however, for this motor showed that an unexpected
flow channel developed at the head end of the motor approximately 0.440
sccond after the igniter was energized, Thus, at this time the motor
became a Cat I motor rather than a Case II. The calculated ignition
propagation rate was 625 in/sec. At second glance, thercfore, this re-
sult is consistent with that obtained with the 2-inch motors. Figure 12
shows the pressure~time curve for motor No. 2 to be similar to that
for the control round during the initial phase of burning, indicating that
motor No. 2 had attained steady-state operation before failure. It is
thought that this motor would have burned nermally, in spite of separa-
tion, had it not been for the development of the unexpected gas flow
channel at the head end of the motor.

In both cases, the motor tube unaccountably failed well below the
design pressure of 4,000 psi.

CRACKED-PROPELLANT EXPERIMENT

Nine 2-inch transparent motors were fired at threc diffcrent temper-
ature levels for the purpose of studying the behavior of motors con-
taining cracked propellant grains. Table 2 gives the design of the
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TABLE 2. CRACKED-PROPELLANT EXPERIMENT
Witn 2-INcH MoTors

Description Firing data
Width of crack Tempera» Ignition Buming
Mator in grain, ture, delay, time,
I in, °F ms aec
6 contro! motor 20 204 L.114
8 control motor 70 187 1.013
9 contro! motor 120 {note)® (nota)®
10 0.010 20 184 1111
1 0.010 20 186 1.108
14 0.011 70 203 0.993
113 0.010 70 204 (note)®
16 0.010 120 196 0.765
17 0.009 120 865 0.863
a Blowup.

experiment and a summary of firing data. The corresponding pressure-
time curves are shown in Fig, 13, 14, and 15, Motor No. 15 at 70°F and
the control motor No, 9 at 120°F blew up. Photographic coverage was
lost for these two motors, and, as a result, an cxplanation for their
uncxpected failure cannot be given. Extremely high initial-pressure
pcaks were obtained from all motors of this test series, including the
control motors. Through a mistake in processing the propellant for
these motors, coated ammonium perchlorate was used instead of the
uncoated material. The higher pressure exponent of this material may
have caused the high initial-pressurc peaks.

These data indicate that the presence of a crack in the grain does
not necessarily cause failure of the 2-inch motor. In fact, with the
cight-point-star internal configuration, the presence of a crack changes
the burning pattern of the grain from progressive to regressive. The
progressivity ratio (ratio of burning surface at web burnout to initial
burning surfa e area) changes from 1.28 without the crack to 0.73 with
the crack. This effect is reflected in the pressure-time curves shown
in Fig. 13. Because the propellant has a high temperature coefficient,
the amount of progressivity or regressivity in the pressure~time curves
is dependent upon the temperature of the grain before testing. This is
seen by comparing the curves in Fig. 13 through 15. The pressure-
time curves for the 120°F firings seem to be abnormal, having rather
broad initial peaks. It cannot be determined, however, whether this is
the result of temperature or of a crack in the grain, since the control

‘motor fired at this temperature blew up.

Film records of the motors containing cracked grains showed that
the propellant surfaces formed by the crack ignited simultaneously

with the normal burning surface.
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F1G. 15, Pressure-Time Curves, 2-Inch Motors No. 16 and 17.

IGNITION STUDIES

The grain configuration shown in Fig. 4 was uscd to study the per-
formance of bag and hot-wire igniters. Using this arraagement, ignition
of the propellant was observed and studied qualitatively. The use of a
half grain permitted the observation of the igniter and the propellant
surface during ignition of the motor. The motor was designed so that
the ratio of the burning-surface area to nozzle-throat areca was approxi-
matcly the same as that for the control motor used in the lincr-
separation uxpcriment. The design operating pressure was 1,000 psi.
The sequence of phatographs (Fig. 16) shows various stages of the
ignition of a propellant grain, using bag igniter. The pictures show that
the flame pattern within the cavity is not symmetrical, and approxi-
mately all of the propellant surface is ignited before hot gases can be
scen emerging from the nozzle: BCT data indicated that 176 milli-
seconds were requirced for the igniter to respond to the initial input of
current and begin to burn. This interval is sometimes referred to as
igniter delay. A total of 55 milliseconds was required for the entire
propellant surface to ignite after the initial igniter response. Pressure
data were lost during this test, and therefore picture sequences could
not be correlated with motor pressure.

A hot-wire igniter was also studied. This igniter consists of a helix
of high-resistance Nichrome wire, 0.010 inch in diameter, inserted into
the cavity of the motor so that it is in contact with the propellant. The
igniter is actuated by a current of 18 amperes. In contrast with the
bag type, this igniter gave a long ignition delay. Ignition of the propel-
lant proceeded as follows: The igniter responded as indicated by a red
glow emitted by the hot wire 0.654 second after the current was applied.
The whole length of wire began to glow after 0.721 second. The wire
appeared to break up, and the propecilant smoldered, but no aluminum
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burned after 1.176 seconds. The entire propellant surface smoldered
with little burning of aluminum inside the motor at 4.459 seconds, The
entire surface of the propellant appeared to burn with combustion of
aluminum at 4.759 seconds. The motor pressure at this time was 52
psi. The motor reached 250 psi at 4.804 second3s. This motor failed
after 0,109 second of operation at a pressure of 1,930 psi, An examina-
tion showed that the propellant surface was irregular with equally
spaced depressions, It is concluded that these depressions occurred

at points of propellant contact with the coils of the wire igniter. The
propellant first ignited at these points, This experiment showed the dif-
ference in ignition characteristics between the bag and hot-wire igniterc.

HOT-SPOT FORMATION

Film records of the majority of motor firings showed the formation
of hot spots at the liner-propellant interface a long time before web
burnout., In several motors, burning at the case wall occurred halfway
through the burning period. Burning at the wall usually appeared as a
small, circular area that grew larger as burning progressed. It has
been shown by other workers that this phenomenon is caused by smali,
spherical voids present in the propellant.3 When burning within the
void occurs, the pressure is higher than the average motor pressure.
Thus, the hurning rate of the propellant in the void is greater than in
the chamber. Pressure records show, however, that the existence of
hot-spot burning does not alter the ballistic performance of the motor
even though the defect propagation is greater than the regression of
the normal burning surface.

SUMMARY AND CONCLUSIONS

Studies of burning characteristics associated with grain defects
were made by photographically viewing reactions through the walls of
transparent motor tubes., Associated instrumentation, such as BCT,
allowed accurate correlation of ballistic and photographic data. Such
phenomena as flame propagation through a crack, side burning, and
hot-spot formation were observed directly.

The existence of liner -propellant separation alone did not appear
to alter ballistic performance. When this condition was present, togcther
with flow channels at each end of the motor, severe alterations of the
pressure~time curves occurred, in some cases causing catastrophic

3Allegreto, D. P., and D. B. Painter, “Photographic Studies of the
Effect of Grain Defects on Burning Characteristics of Highly Aluminized
Composxte Solid Propellant,” Bulletin of the 16th Meeting of the Joint
rmr-Nav -Axr Force Solid Propellant Group. vol. V (1960), pp. 181~
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failure of the motor. Flame propagation in the separation occurs as

a result of an ignition wave, which may travel at a rate of 765 in/sec,
depending on the width of the separation groove. It is not known at this
time whether this ignition wave is preceded by a shock wave.

These studies have shown that the existence of a crack flaw appears
to be less detrimental to normal motor performance over a wide tem-
perature range. High ignition peaks, however, are associated with this
type of flaw and probably could cause motor failure under certain con-
ditions, If the motor survives the initial peak pressure, and if thé
crack extends from the port to the wall, the instantaneous flame pro-
gression to the motor case wall will always occur, In a large motor,
severe heating of the motor case and its subsequent rupture could be
the result.

The possibility of hot-spot formation is ever present during motor
operation. While it was found not to affect the ballistics of the motor,
hot-spot formation can cause severe heating of the motor case. This
behavior is thought to be the result of small voids in the propellant,
which can be detected by radiographic techniques,

The ignition of a propellant surface depends to a great extent on
how the heat is transferred to the propellant surface. The transparent
half-motor appears to be a useful tool for evaluating the performance
of igniters and for studying the rcsponse of a propellant surface to
ignition energy under conditions similar to those found in practical
rocket motors.

It is hoped that the information presented in this report will aid in
providing a more accurate basis for the acceptance or rejection of a
rocket motor.
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